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Abstract

The lateral walls of the lateral ventricle of the brain are home to one of the two main
neurogenic niches of the postnatal and adult mammalian brain, the ventricularsubventricular zone (V-SVZ). During late embryonic development (E14 to E16 in mouse
brain), a subpopulation of radial glial cells from the neuroepithelial lining of lateral ventricle
wall starts ependymogenesis to establish an ependymal cell lining of the ventricular
system. Ependymal cell maturation and ciliogenesis continues after birth and the
remaining radial glia, designated neural stem cells after birth, are established within the
ependymal lining by retention of a thin apical process. The postmitotic multi-ciliated
ependymal cells provide structural and trophic support to the V-SVZ stem cell niche. We
sought to investigate changes to the V-SVZ stem cell niche over the course of mouse
brain

development

and

in

particular to

determine

the

association

between

ependymogenesis, stem cell number and stem cell niche organization at the ventricle
surface. Our piggybac transposon-based lineage tracing method, through sparse
labelling, shows neural stem cells and ependymal cells have a common origin and
ependymal cells can arise from radial glial cells via both symmetric and asymmetric
division. Using IUE in conjunction with thymidine analog double-labelling, we propose that
from a single radial glial cell multiple rounds of division are involved in the process of
ependymogenesis and terminal symmetric ependymal generation from neural stem cells
reduces neural stem cell numbers. At the time of ependymal cell formation, the new
ependymal cell lining displaces the remaining radial glia/stem cell somata to the
subventricular zone (SVZ). These remaining ventricular subventricular zone (V-SVZ)
vi

stem cells, are arrayed in clusters and maintain only a thin apical process at the ventricle
surface. In the en face wholemount view of the lateral wall of the lateral ventricle, the stem
cell apical processes surrounded by ependymal cells are referred to as ‘pinwheels’ and
represent regenerative units. To further understand the composition of the distinct stem
cell retention pattern in the form of a pinwheel in the lateral wall of the lateral ventricle of
the rodent brain, we have used the piggybac multicolor fluorophore together with in utero
electroporation technique for lineage tracing analysis.
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Introduction/Background
Cerebro-ventricular system:
The cerebral ventricles are a series of interconnected, fluid-filled cavities that include the
two lateral ventricles, the third ventricle, cerebral aqueduct, and the fourth ventricle.
These cavities lie in the core of the forebrain and brainstem, acting as a dynamic pressure
system that has biophysical and biochemical consequences to the surrounding brain
parenchyma (Johanson et al. 2011; Sakka et al. 2011). A membranous network of
fenestrated blood capillaries and cells called the choroid plexus, produces most of the
cerebrospinal fluid (CSF) that fills the ventricular system and provides hydro-mechanical
protection to the brain (Liddelow et al. 2015). The CSF also plays a crucial role in
maintaining homeostasis through elimination of potentially toxic catabolites, regulation of
electrolytes, and circulation of active molecules and neuropeptides (Mori et al. 1990;
Veening and Barendregt 2010). The CSF percolates through the ventricular system and
then flows into the subarachnoid space through perforations in the thin covering of the
fourth ventricle and then eventually gets absorbed by specialized structures called
arachnoid villi or granulations, returning to venous circulation. As the CNS is the only
organ of the body that lacks anatomically deﬁned lymphoid tissues, it has developed a
unique adaptation for achieving ﬂuid balance and interstitial waste removal that is called
glymphatic system, a glial-dependent perivascular network that subserves a pseudolymphatic function in the brain. Within the glymphatic pathway, cerebrospinal ﬂuid (CSF)
enters the brain via periarterial spaces, passes into the interstitium via perivascular
astrocytic aquaporin-4, and then drives the perivenous drainage of interstitial ﬂuid (ISF)
1

and its solute. In addition to its traditionally identified role providing buoyancy to the brain,
the CSF has also been suggested to function as a part of the glymphatic system, a glialdependent perivascular network that subserves a pseudo-lymphatic function in the brain
by driving the perivenous drainage of interstitial fluid (ISF) and its solute, within the
glymphatic pathway (Plog et al. 2018, Louveau et al. 2017).
Ependymal cells and function of the ependymal cell monolayer
A specialized type of glial cell called an ependymal cell forms a monolayer lining the
cerebral ventricles and the central canal of the spinal cord (Bruni et al., 1985, Del Bigio
1995; Lennington et al. 2003; Conover and Shook 2011). Although these cells are of a
glial lineage, but they have many epithelial characteristics including an associated
basement membrane and multiple types of junctional protein complexes (Lippoldt et al.,
2000b; Lippoldt et al., 2000a; Kuo et al., 2006). By linking 10-30 neighboring ependymal
cell gap junctions, ependymal cells may participate in synchronizing their activity (Bouille
et al., 1991; Rodriguez et al., 2010; Sival et al., 2011). The tight barrier created by zona
occludens (tight junctions) and zona adherens (adherens junctions) typically excludes
molecules greater than 1.9kDa from diffusing between neighboring ependymal cells
(Sarnat, 1995; Liddelow et al., 2009). This tight barrier requires molecules to travel across
both the apical and basal membranes in order to move between the CSF and
parenchyma, giving the ependymal monolayer a filtering role (Kuchler et al., 1994; Del
Bigio, 1995). Neural stem cells that retain a ventricle-contacting apical process also have
apical adherens and tight junctions with neighboring ependymal cells and other stem cells
(Jacquet et al., 2009; Mirzadeh et al., 2008; Paez-Gonzalez et al., 2011), supporting
barrier and structural functions along the lateral wall.
2

The presence of multiple motile (9 + 2 microtubule arrangement) cilia on their apical
surface contribute to fluid circulation and brain homeostasis (Del Bigio, 1995).
Coordinated beating of cilia between neighboring ependymal cells leads to a directional
flow of CSF across the surface of the ependymal monolayer, distributing signaling
molecules and removing debris (Scott et al., 1974; Ibanez-Tallon et al., 2004; Sawamoto
et al., 2006; Riquelme et al., 2008). Ependymal-generated CSF flow establishes gradients
of chemo-repellents that is thought to guide the migration of young neurons in the SVZ
(Sawamoto et al., 2006; Han et al., 2008; Ihrie and Alvarez-Buylla, 2011). In addition to
aiding in molecule circulation, ependymal cells have been shown to express Noggin, a
molecule that promotes neurogenesis over gliogenesis by inhibiting BMPs in the SVZ
(Lim et al., 2000).

Transformation of the ventricular zone into the V-SVZ neural stem cell niche
The neuroepithelium gives rise to radial glial cells; both cell types line the ventricular
lumen and are the main neural progenitors during embryonic development. The earliest
stem cells/precursors of the developing brain are a pseudostratified layer of proliferative
neuroepithelial cells that give rise to radial glial cells, which become the predominant
progenitors during neurogenesis and gliogenesis (Barry et al., 2005; McDermott et al.,
2005). New neurons are initially generated by neuroepithelial cells, and then by
descendant radial glia, and outer radial glia in human and non-human primates, via their
progeny intermediate progenitor cells (Hansen et al., 2010; LaMonica et al., 2012; Lui et
al., 2011; Malik et al., 2013). Radial glia has a distinct radial morphology where the cell
bodies are located in the ventricular zone and their basal process radiates to the pial
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surface. Radial glia also generates a monolayer of ependymal cells that lines the
ventricles (Jacquet et al., 2009; Mirzadeh et al., 2008; Spassky et al., 2005). In adult
mammalian brain, the adult neural stem cells’ ventricle contacting apical process is
surrounded by the mature multiciliated ependymal cells in a unique distinctive pattern
referred to as “pinwheel” organization (Mirzadeh et al., 2008; Shenetal., 2008;
Tavazoieetal., 2008). Similarly, human V-SVZ stem cells are organized and maintained
in similar units along the ventricle surface (Coletti et al., 2018). But how this transition
from embryonic VZ to V-SVZ results in mature ependymal cells surrounding a cluster of
neural stem cells (e.g., pinwheel organization/regenerative units) is unknown.

4

Materials and Method*
* Excerpted in part from: Characterization of the ventricular-subventricular stem cell
niche during human brain development. Amanda M. Coletti, Deepinder Singh, Saurabh
Kumar, Tasnuva Nuhat Shafin, Patrick J. Briody, Benjamin F. Babbitt, Derek Pan, Emily
S. Norton, Eliot C. Brown, Kristopher T. Kahle, Marc R. Del Bigio, Joanne C. Conover
Development 2018 145: dev170100 doi: 10.1242/dev.170100

Animals:
CD-1 mice (Mus musculus) (Charles River Laboratories, Wilmington, MA, USA) were
used to study. Housing, breeding, handling, care and processing of the animals were
carried out in accordance with regulations approved by the Institutional Animal Care and
Use Committee of the University of Connecticut. The day the vaginal plug was detected
was designated as E0.
Mouse lateral ventricle reconstruction and analysis*
For coronal sections, P7 and P30 mice were anesthetized with isoflurane, then
transcardially perfused with 0.9% saline followed by 4% paraformaldehyde (PFA). The
extracted brains were fixed overnight in 4% PFA at 4°C. E13, E16, and P1 mice were
anesthetized with isoflurane, heads were removed and fixed overnight in 4% PFA at 4°C.
After removing the skin, embryonic and P1 brains were removed from the skull using a
Leica MZ95 stereomicroscope. All brains were washed for 3×10 min in PBS before
dissection and vibratome sectioning for 3D reconstructions.

5

To generate 3D reconstructions of the mouse brain and ventricles, coronal sections from
E13 (42 µm), E16, P1, P7 and P30 (all 50 µm) brains were sectioned on a vibratome (VT1000S, Leica). Mouse brain tissue sections were stained with β-catenin overnight (rabbit
polyclonal anti-β-catenin, 1:100; Cell Signaling Technology, #9562), secondary antibody
for 1 h (donkey anti-rabbit 546, 1:500; Invitrogen, #A10040), nuclear stain DAPI (300 mM;
Molecular Probes, #D-1306) for 10 min and imaged on a Zeiss Axio Imager M2
microscope with ApoTome (Carl Zeiss MicroImaging) with a Hamamatsu Photonics
ORCA-R2 digital camera (C10600). Alternating coronal sections were imaged, and the
contours of the lateral ventricle walls and surface of the brain were traced to generate 3D
reconstructions, as described (Acabchuk et al., 2015). Volume and surface area analysis
were performed using StereoInvestigator and Neurolucida Explorer software (MBF
Bioscience).
Plasmids/ PiggyBac transposon
PiggyBac mediated transgenesis can label the progeny of neural progenitors and
transgenes are stably maintained in progeny. The piggyBac transposon system is a
binary system with a helper plasmid (e.g. pCAG-PBase) providing piggyBac transposase
(PBase), and the donor plasmid (e.g. pPBCAG-eGFP) providing the pCAG- eGFP
(fluorescence reporter) transgene between the 5′ and 3′ terminal repeats (TRs) of the
donor plasmid (Chen et al. 2012). We have used pPBCAG-eGFP (cytoplasmic enhanced
GFP), pPBCAG-mCherry (cytoplasmic), pPBCAG-Cerulean (cytoplasmic), pPBCAGmCitrine (cytoplasmic) and pGLAST-PBase that were received as gifts from Dr. Joseph
loturco lab. pPBCAG-Cerulean were purchased from addgene. pCAG-PBase was
constructed by replacing eGFP with PBase sequence (Wu et al., 2007) in pCAG-eGFP
6

using EcoRI and NotI sites. pGLAST-PBase was made by inserting PBase downstream
of GLAST promoter provided by Dr. D.J. Volsky (Kim et al., 2003).
In utero electroporation (IUE)
In utero electroporation was performed as described (Chen et al., 2012). We conducted
IUE at E15 and E16 and harvested the brains at P1, P7 or P14. Pregnant mice were
anesthetized with a mixture of ketamine/xylazine (120/8 mg/kg i.p.). Metacam analgesic
was administered daily at a dosage of 1 mg/kg s.c. just before surgery and 2 days
following surgery. To visualize the plasmid during electroporation, plasmids were mixed
with 2 mg/ml Fast Green (Sigma). In all conditions, pPBCAG-eGFP were used at a final
concentration of 1.0 μg/μl, while pGLAST-PBase were used at a final concentration of 1.5
μg/μl. During surgery, the uterine horns were exposed and one lateral ventricle of each
embryo was pressure injected with 1–2 μl of plasmid DNA. Injections were made through
the uterine wall and embryonic membranes by inserting a pulled glass microelectrode
(Drummond Scientific) into the lateral ventricle and injecting by pressure pulses delivered
with a Picospritzer II (General Valve). Electroporation was accomplished with a BTX 8300
pulse generator (BTX Harvard Apparatus) and BTX tweezertrodes. Five consecutive
electric square wave pulses (37V, E15; 50 ms duration) were applied to each embryo,
after which the uterine horns were replaced into the abdominal cavity. Dams were placed
in a clean cage to recover and they were monitored closely.

Thymidine analog (EdU and BrdU) administration
To determine the spatial disposition of newborn ependymal cells in a pinwheel
organization by labelling dividing cells during S phase a single injection of EdU was
7

administered at E16, 24 hours after the IUE with piggybac transposon tagged fluorescent
protein with a GLAST promoter at E15. 100 mg/kg body weight (10 mg/ml stock, dissolved
in filtered PBS) of EdU: 5’-Ethynyl-2’-deoxyuridine (Thermo Fisher Scientific) was
administered to pregnant mice by intraperitoneal injection. To validate the idea of
successive division of RGC, we have used another thymidine analog BrdU: 5’-Bromo-2’deoxyuridine (Thermofisher scientific) injected intraperitoneally 24 hours after at E17
keeping in mind the cell cycle duration of radial glial cell and actively dividing neural stem
cell of the V-SVZ region is 17 hrs (S-phase duration 4.5 hrs) (Morshead et al.,1992; Ponti
et al., 2012).

Mouse brain tissue wholemount dissection
For wholemount sections, P7, P14 and P30 mice were anesthetized with isoflurane, then
transcardially perfused with 0.9% saline. After decapitation, brains were removed from
the skull using a Leica MZ95 stereomicroscope. Lateral ventricle wall wholemounts were
prepared as described (Mirzadeh et al., 2008). Dissected whole-mount preparations were
placed in PFA with 0.1% Triton X-100 overnight. P1 mice were anesthetized with
isoflurane, heads were extracted and placed in 4% PFA with 0.1% Triton X-100 overnight
and wholemounts were then prepared (Mirzadeh et al., 2010a).

Whole Mount Immunostaining*
Wholemounts were immunostained with the following primary antibodies: mouse
monoclonal anti β-catenin (1:250; BD Biosciences, #610154), rabbit polyclonal anti-γtubulin (1:500; Sigma-Aldrich, #T5192), goat polyclonal anti-GFAP (1:250; Abcam,
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#ab53554) and mouse monoclonal anti-FOXJ1 (1:250; Invitrogen, #14-9965-80). Alexa
Fluor dye-conjugated polyclonal secondary antibodies (1:500, Invitrogen) were used:
donkey anti-mouse 488 (#21202), donkey anti-mouse 546 (#A10036), donkey anti-rabbit
(#A21206), donkey anti-goat-647(#A21447) and donkey anti-rat 647 (#A18744). Blocking
solutions contained 1% Triton X-100. Validations of all commercial antibodies are
available from the manufacturer's datasheets. Whole mounts were incubated in blocking
solution, 1% Triton X-100/10% normal donkey serum/PBS, for 1-2 hr at room
temperature. Primary antibodies were incubated for 24-48 hr at 4C, followed by
appropriate secondary antibodies for 24-48 hrs at 4C, depending on target antigens. The
EdU incorporation was detected using the Click-iT EdU Alexa Fluor imaging kit (Thermo
Fisher Scientific for Alexa Fluor 488, 594 or 647 staining), according to manufacturer's
protocol. Briefly, V-SVZ wholemounts Lateral ventricle were permeabilized in blocking
solution with 0.5% Triton X-100 for 20 minutes and washed with 10% normal donkey
serum in 1X PBS twice. After washing with PBS, sections were incubated for1 hour with
the Click-iT reaction cocktail, protected from light. After these immunostainings, a 200300mm thick section of the lateral wall was carefully dissected away from the remaining
brain by removing cortex and overhanging thalamus. Lateral wall tissue wholemounts
were coverslipped with Aqua-Poly/Mount (Polyscience) and imaged on a Leica TCS SP8
confocal laser scanning microscope (Leica Microsystems). Whole mounts were left to
settle for at least twelve hours prior to imaging.
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Results
*Exerpted verbatim from: Characterization of the ventricular-subventricular stem cell
niche during human brain development. Amanda M. Coletti, Deepinder Singh, Saurabh
Kumar, Tasnuva Nuhat Shafin, Patrick J. Briody, Benjamin F. Babbitt, Derek Pan, Emily
S. Norton, Eliot C. Brown, Kristopher T. Kahle, Marc R. Del Bigio, Joanne C. Conover
Development 2018 145: dev170100 doi: 10.1242/dev.170100

Caudal to rostral progression of mouse ependymogenesis and persistence of stem
cells only along the lateral wall of the lateral ventricle*
For the assessment of brain development in the mouse we used serial coronal sections
to generate three-dimensional (3D) reconstructions of both total brain and lateral ventricle
volumes at five discrete stages of embryonic to postnatal brain development: E13, E16,
postnatal day P1, P7 and P30 (Fig. 1, left column). In addition, whole-mount preparations
of the lateral and medial wall of the lateral ventricles were prepared for each of the five
stages of development (Doetsch et al., 1997; Mirzadeh et al., 2008; Shook et al., 2012).
Changes in cell coverage along the entire extent of both the medial and lateral walls of
the lateral ventricle were examined using immunohistochemistry to distinguish radial glia
[γ-tubulin+ basal body of single cilium, GLAST+ (also known as SLC1A3), FOXJ1−], radial
glia that are transitioning to immature ependymal cells (2-5 γ-tubulin+ basal bodies of cilia,
FOXJ1+), mature ependymal cells (multi-cilia γ-tubulin+ clusters, FOXJ1+) and neural
stem cells (single cilium γ-tubulin+ basal body, GFAP+) (see Fig. 1A) (Jacquet et al., 2009;
Mirzadeh et al., 2010b, 2008).

10
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Figure 1. Ependymogenesis proceeds caudal to rostral along lateral ventricle wall during
mouse brain development. (A-E) 3D reconstructions at E13 (A), E16 (B), P1 (C), P7 (D)
and P30 (E) show lateral ventricles and whole-brain contours (left column). Schematics
of representative microscope images (second column, lateral wall) highlight ependymal
cell development along caudal, middle and rostral regions of the lateral ventricle wall.
Wave of caudal-to-rostral ependymal cell formation is illustrated on 2D projections of the
ventricle wall. Scale bars: 20 μm in top whole-view schematic; 1 mm in E13 and E16 2D
projections; 500 μm in P1, P7 and P30 2D projections. Pie charts (third column) indicate
average percentage of radial glia, immature ependymal cells, V-SVZ stem cells and
mature ependymal cells along caudal, middle and rostral regions of the lateral ventricle
wall (n=3) at each developmental stage.
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Figure 2: Characterization of mouse V-SVZ cell types, pinwheel organization, and
medial wall ependymogenesis
(A) Characterization of radial glia cells [γ-tubulin+ single cilium, GLAST+, GFAP-, FOXJ1(not shown)], immature ependymal cells [γ-tubulin+ two or more cilia, GLAST+, GFAP-,
FOXJ1+ (not shown)] and a pinwheel unit (right), comprised of mature ependymal cells [γtubulin+ multicilia clusters, β-catenin+, FOXJ1+ (not shown)] surrounding a core of V- SVZ
stem cells (GFAP+, γ-tubulin+ single cilium, β-catenin+) (scale bar = 10 μm). (B) Traces of
lateral ventricles (2D projections) at E16, P1 and P30 show caudal to rostral wave of
ependymogenesis (E16 scale bar = 1mm, P1, P30 scale bar = 500 μm).
Immunohistochemistry of representative microscope images (scale bars = 10 μm) and
their associated schematics (scale bar = 20 μm) highlight ependymal cell development
along caudal, middle, and rostral regions of the lateral ventricle wall. Basal bodies of cilia
were used to identify apical surface cell types. Pinwheel organization is highlighted in
purple. (C) Schematic representations of microscope images show ependymal cell
development along caudal, middle, and rostral regions (13,567.59 μm 2 areas) of the
medial wall of the lateral ventricle (scale bar = 20 μm). By P30, the entire wall is covered
by mature ependyma, shown by a representative rostral region. Schematic Key: Radial
glia (blue), immature ependymal cells (pale yellow), stem cells (green), mature
ependymal cells (orange).
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In Fig. 1, renderings of representative microscope images along the lateral wall detail cell
organization at the ventricle surface (Fig. 1, second column, Fig. 2B). Cell type ratios (Fig.
1, third column), the average percentages of each cell type at three locations along the
lateral wall for each developmental time point, were determined based on counts of a
13,567.59 µm2 area for each rostral, middle and caudal sample (n=3 animals). Before
E13, radial glia covers the surface of the entire ventricular system surface (data not
shown) (Kriegstein and Alvarez-Buylla, 2009). At E13 and E16 (Fig. 1A, B), immature
ependymal cells, which make up ∼35% of total cells at the surface of the ventricle, were
found primarily in the caudal-most aspects of the lateral ventricle lateral wall. Immature
ependymal cells in the middle and rostral regions comprised only ∼11% and ∼7%,
respectively, of the total cell number. By P1 (Fig. 1C), mature ependymal cells, which are
characterized by a large tightly clustered array of multiple cilia, cover most of the caudal
wall (60%) and stem cells that are organized in the core of pinwheel units made up the
remainder (Fig. 2B). Immature and mature ependymal cells make up 34.2% of the middle
lateral wall (22.1% immature ependymal cells and 8.5% mature ependymal cells), and
only immature ependymal cells (20.4%) and radial glia (79.6%) line the rostral-most wall.
As the caudal-to-rostral wave of newly differentiated ependymal cells begins to cover the
ventricle surface, clusters of radial glia/neural stem cells (V-SVZ stem cells) were found
to retain only a small apical process at the ventricle surface, whereas stem cell somatas
were displaced below the newly generated ependymal cell monolayer, as previously
described (Mirzadeh et al., 2008). By P7 (Fig. 1D), only mature ependymal cells and
clusters of stem cell apical processes, classic ‘pinwheel’ units (Mirzadeh et al., 2008),
make up the caudal (58.4% mature ependymal cells, 41.6% stem cell processes) and
15

middle (41.3% mature ependymal cells, 58.7% stem cell processes) aspect of the lateral
wall. In the rostral-most aspect of the lateral wall, radial glia (40.3%) and immature
ependymal cells (5.6%) were still detected. By P30 (Fig. 1E, Fig. Fig. 2B), all regions of
the lateral wall were covered with organized pinwheel units. Cell counts at P30 indicate
that the majority of cells at the ventricle surface are mature ependymal cells (∼60%), with
stem cells making up ∼40% of the total cell count. However, as stem cell somatas are
displaced to the SVZ, the ventricle-contacting apical process takes up only ∼10% of the
ventricle surface area compared with ependymal cells (see also Spassky et al., 2005).
Ependymogenesis along the medial wall also proceeds as a caudal-to-rostral wave (Fig.
2C). At E13, the medial wall is covered by radial glia, with immature ependymal cells
present only in the caudal-most region (not shown). By E16, differentiation of immature
ependymal cells progresses rostrally along the medial wall and, after birth (P1), the caudal
and middle regions were covered predominantly by mature multi-ciliated ependymal cells,
whereas the rostral region was still lined primarily with radial glia. At P30, the medial wall
was covered by mature multi-ciliated ependymal cells: stem cells were not observed
along the medial wall. Others report small clusters of stem cells only along the rostralmost aspect of the medial wall in postnatal mice (Mirzadeh et al., 2008), but, as we have
found, these are subsequently lost in early adulthood (Fig. 2C).
Here, we highlight the conversion of neuroepithelial cells to an ependymal monolayer that
is interspersed with clusters of stem cells along the lateral wall only, not the medial wall.
These data support earlier findings that describe the caudal-to-rostral wave of
ependymogenesis along the lateral ventricle lateral wall (Mirzadeh et al., 2008; Spradling
et al., 2001, Coletti et al., 2018)
16

Ependymogenesis uses both symmetric and asymmetric modes of division
In order to directly observe clonal relationships among cells in the lateral ventricle
epithelial lining of the mouse brain, we used the Piggybac transposon-based lineagetracing method. This clonal analysis is based on the electroporation of piggybac
transposon donor constructs (encoding fluorophore reporter protein with either nuclear or
cytoplasmic localization), as well as plasmids encoding piggyBac transposase (PGLASTPBase). By combining pGLAST-PBase with PB CAG-eGFP it was possible to integrate
the fluorophore into the GLAST genome of radial glial cells by in utero electroporation
during early ependymogenesis (at E15) and successfully label all subsequent lineages of
an individual radial glial cell (Chen et al, 2012). We used sparse labelling (<1µg/µg of
plasmid), as sparsely labelled radial glial cells allow capture of unique events.
Ependymal cells and radial glial/stem cells (NSC) were identified based on their immunohistological appearance. We used β-catenin and γ-tubulin to define the ependymal cell
adherens junctions and basal bodies of cilia, respectively, and individual apical NSC
processes were identified based on the presence of a single primary cilium (a single γtubulin+ puncta compared to a cluster of γ-tubulin+ puncta denoting motile cilia typical of
ependymal cells) and expression of GFAP. β-catenin staining also helped us to identify
cell borders and to confirm ependymal cell or NSC cell identity based on the size of their
apical domain.
We analyzed the eGFP+ cells from the most apical surface of whole mounts at P14 and
found eGFP+ β-catenin+ multiciliated ependymal cell pairs in animals injected at E15 (Fig
3A). Interestingly, we also found pairs formed by one eGFP+ β-catenin+ ependymal cell
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with one eGFP+GFAP+ neural stem cell (Fig 3B). In utero electroporation at E15 followed
by 5-Ethynyl-2'-deoxyuridine (EdU) injection at E16 also showed the presence of both
types of pairs after immunostaining of the P14 brain. By using another more photostable
red fluorescent protein mCherry (derived from DsRed of Discosoma sea anemone) we
showed EdU+mCherry+β-catenin+ ependymal cell doublets (Fig 3C) and doublets of one
EdU+mCherry+ GFAP+ neural stem cell with one EdU+mCherry+β-catenin+ ependymal
cell (Fig 3D) revealed that these pairs of EdU tagged cells must have been derived from
a recombined progenitor cell that divided soon after EdU administration.
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Figure 3: Ependymal cells can be derived from both symmetric and asymmetric
division
(A) Following in utero electroporation of E16 embryo with PBCAG-eGFP and PGLASTPBase, the lateral wall wholemount from P14 mice immunostained for β-catenin (red), γtubulin and GFAP (blue), and eGFP (green) shows eGFP+/β-catenin+ ependymal cell
doublets indicating symmetric division (indicated by yellow arrow) in a pinwheel
organization (white outline in merged image, apical view); scale bar = 20µm. (B) P14
lateral wall wholemount shows pairs of 1 β-catenin+ ependymal cell and 1 GFAP+ neural
stem cell (indicated by white arrow) indicating asymmetric division; β-catenin (red), γtubulin (red), GFAP (blue), and eGFP (green), scale bar = 20µm (C) Thymidine analog
(EdU) injection at E16 after E15 IUE with PB CAG-mCherry and PGLAST-PBase analysis
at P14 brain wholemount shows mCherry+EdU+β-catenin+ symmetrically generated
pairs of ependymal cells; β-catenin and EdU (green), GFAP (Blue), mCherry (Red), scale
bar = 20µm. (D) In the same P14 brain, presence of a pair formed by one β-catenin+
ependymal cell and one GFAP+ neural stem cell (indicated by white arrow) represents
asymmetric division of a neural stem cell; β-catenin (green), EdU (purple), GFAP (blue),
and mCherry (red), scale bar = 20µm.
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In P14 brains, doublets of ependymal cells (symmetric division) are predominant
compared to a single ependymal cell and an associated stem cell generated via
asymmetric division
After in utero electroporation of PBCAG-eGFP with PGLAST-PBase in pregnant mice
with E16 embryos and brain harvest at postnatal day 14 (P14), we quantified the eGFP+
doublets to determine regional differences along the caudal to rostral aspect of the lateral
wall of lateral ventricle and whether doublets were comprised of one eGFP+ β-catenin+
ependymal cell and one eGFP+GFAP+ stem cell (asymmetric division) or two eGFP+ βcatenin+ ependymal cells (symmetric division). The percentages of eGFP+ doublets of
each division type (symmetric vs asymmetric) including ependymal singlets at three
locations along the lateral wall of lateral ventricle for P14 mice were determined based on
counts of a 13,567.59 µm2 area for each rostral, middle and caudal region.
The schematic representations of microscope images show eGFP+ ependyma and
neural stem cells along caudal, middle, and rostral regions (13,567.59 m2 areas) of the
lateral wall of the lateral ventricle in Figure 4A.
In Table 1, the percentage of eGFP+ symmetric division, asymmetric division and the
ependymal singlets from caudal (in 5 different mice), middle (in 6 different mice) and
rostral (in 9 different mice) regions are shown and from the graph we can see the average
percentages of the symmetric divisions from rostral (26.12%), middle (25.98%) and
caudal (25.67%) region tends to be higher than the average percentages of asymmetric
divisions from the rostral (13.60%), middle (8.12%) and caudal (8.33%) region of the
lateral wall of lateral ventricle.
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We also found single eGFP+ β-catenin+ ependymal cells in the rostral (21.40%), middle
(28.52%) and caudal (32.89%) region, with no other labeled cells in their proximity (see
Fig. 4B). These cells are likely derived by uptake of plasmid at the time of the in utero
electroporation by immature ependymal cells that were still GLAST+.
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Figure 4: eGFP+ lineages along the apical surface of the lateral wall of the lateral
ventricle from wholemount preparations of the caudal, middle and rostral regions.
(A) The schematic representation of the confocal traces (2D projections) of P14
wholemount show examples of symmetric and asymmetric division in rostral, middle and
caudal regions (13,567.59 μm2 areas). White arrows denote asymmetric divisions and
dashed boxes indicate symmetric divisions. IUE (throughout check that you use either
IUE or in utero electroporation, don’t alternate between the two) performed at E16 using
pBCAG-eGFP and pGLAST-PBase. Top row shows schematics of and the
immunohistochemistry of representative microscope images are shown at the bottom; βCatenin (red), ϒ-Tubulin (red), GFAP (blue), GFP (green).

Schematic Key: mature

ependymal cells (Dark yellow), GFP+ mature ependymal cells (Green), GFP+ stem cells
(blue), Neural stem cells (Red). (B) Average percentages of the eGFP+ symmetric,
asymmetric and ependymal singlets count from all three (caudal, n=5; middle, n=6 and
rostral, n=9) regions in P14 brain lateral wall of lateral ventricle.
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Table 1: Average percentages of eGFP+ symmetric and asymmetric doublets and
ependymal cell singlets.
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Radial glial/neural stem cells undergo multiple rounds of division in the process of
ependymogenesis
Following electroporation, P14 wholemounts revealed that most clones were composed
of 2 eGFP+ cells; however, we also found some clones of 3-4 eGFP+ cells, as shown in
Figure 5. Clones containing 3 to 4 cells can be explained by 2 or 3 successive cell
divisions from a labeled radial glial cell. Interestingly, a majority of these clones contained
more ependymal cells than NSCs, suggesting that symmetric ‘consuming’ divisions giving
rise to 2 ependymal cells, might be the reason for depletion of NSC within the V-SVZ of
developing brain. Previously Redmond (2019) showed in lineage tracing experiments and
clonal analysis of double-labelled cell (tdtomato+BrdU+) comparison (between E14.5 and
E17.5), the presence of higher number of symmetric divisions at E17.5 brain whereas at
E14.5 there is higher number of asymmetric divisions, that suggests ependymal cells
derive from radial glial cell mostly through asymmetric division in earlier developmental
timepoints. A similar idea of ‘disposable stem cell model’ has been proposed by Encinas
et al. to explain age-related loss of mouse hippocampal neural stem cells and the
appearance of new astrocytes, where quiescent neural progenitor divided asymmetrically
to generate active neural progenitor cells and finally through symmetric division the active
neural progenitor cell caused the decline of NSC pool with aging. In line with this idea, we
propose the possible model of radial glial cell division giving rise to ependymal cells in
early embryonic life through 1-3 successive asymmetric self-renewing divisions and then
a final symmetric terminal division.
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Figure 5: Successive divisions of single radial glial cell generates ependymal cell
clones of 3-4 cell
In the top panel (A) sparse labelling reveals the presence of a clone formed by 2 eGFP+βcatenin+ ependymal cells and one eGFP+GFAP+ stem cell suggesting the possibility of
one round of asymmetric division of a radial glial cell followed by another round of
asymmetric division of the daughter stem cell. (B) Clone of 3 eGFP+ ependymal cells
suggest the early asymmetric and terminal symmetric division of the daughter stem cell.
(C) Three eGFP+ ependymal cells with one stem cell indicates the possibility of 3
successive asymmetric divisions. (D) Adjacent four ependymal cells can be explained in
two ways. Either RGC divided symmetrically to two NSCs and each of them symmetrically
divided to generate four ependymal cells or RGC divided twice asymmetrically and
terminally differentiated in a symmetric ‘consuming’ division; β-Catenin (red), ϒ-Tubulin
(blue), GFAP (blue), GFP (green); scale bar = 20µm. In the bottom panel, I propose a
possible model of stem cell division during development in which asymmetric division
predominates during early development (steps 1-3) and transitions to symmetric division
(step 4) later in development
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Discussion*

During early development of the mammalian brain, the pseudostratified layer of
proliferative cells lining the fluid-filled ventricular system in the forebrain contributes to the
robust expansion of the cerebral cortex. Initially the neuroepithelial cells, and then their
descendant radial glia and outer radial glia, take part in neurogenesis via their progeny,
intermediate progenitor cells (Hansen et al., 2010; LaMonica et al., 2012; Lui et al., 2011;
Malik et al.,2013). Eventually, radial glia generates a monolayer of ependymal cells that
lines the ventricles (Jacquet et al., 2009; Mirzadeh et al., 2008; Spassky et al., 2005) and
displaces the remaining radial glia cell body to the subventricular zone. In the lateral wall
of lateral ventricle of the adult mice brain, ependymal cells surrounding the thin apical
process of neural stem cells are organized into what have been labeled ‘pinwheels’ at the
ventricle surface. Neural stem/progenitor cell projections forming the ‘pin’ of the pinwheel
of ependymal cells (Mirzadeh et al., 2008). In this way, the embryonic ventricular zone
transforms into the largest stem cell niche of the adult rodent forebrain brain.
In rodents, V-SVZ neurogenesis continues to provide new neurons to the olfactory bulb
throughout adulthood. However, with increasing age stem cell numbers are reduced and
neurogenic capacity is significantly diminished, but new olfactory bulb neurons continue
to be produced even in old age. Humans, in contrast, show little to no new neurogenesis
after two years of age. In adult rodent forebrain, the persistence of an active
subventricular zone neural stem cell niche supports its continued role in the production of
new neurons and in generating cells to function in repair through adulthood. The
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reorganization of the V-SVZ stem cell niche and its relationship to ependymogenesis has
not been well characterized in the human brain.
To compare and contrast with human brain development, an assessment of brain
development in the mouse works as an appropriate model. To generate threedimensional (3D) reconstructions of both total brain and lateral ventricle volumes we have
used serial coronal sections at five discrete stages of embryonic to postnatal brain
development: E13, E16, postnatal day P1, P7 and P30 and the changing cellular
organization was analyzed along both the medial and lateral wall of the lateral ventricle.
In studies of the medial wall, our studies showed that the ependymogenesis also
proceeds in a caudal-to-rostral wave similar to lateral wall and in both cases, the newly
generated immature ependyma starts to replace the radial glia at around E13-E14 eventually covering the whole ventricular wall with an immature ependymal lining. The
appearance of mature multiciliiated ependymal cells was detected after birth at
approximately P1. Here we focused on the conversion of neuroepithelia to an ependymal
monolayer that is interspersed with clusters of stem cells as found only along the lateral,
and not the medial wall.
Based on our comprehensive comparative spatiotemporal analyses of cytoarchitectural
changes along the mouse and human ventricle surface, our lab has also uncovered a
distinctive stem cell retention pattern in humans as ependymal cells populate the surface
of the ventricle in an occipital-to-frontal wave. During perinatal development, ventriclecontacting stem cells are reduced and by 7-months few stem cells are detected,
paralleling the decline in neurogenesis (Coletti et al., 2018).
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One focus of my research was to track the mechanism of stem cell division at different
developmental time points during the process of ependymogenesis. As it remained to be
determined whether the stem cell pool expands when a stem cell gives rise to two stem
cells (symmetric division), stays the same size by giving rise to one stem cell and one
differentiated cell (asymmetric division), or decreases when a stem cell generates two
differentiated daughter cells (symmetric differentiative division), we tried to investigate if
there is any spatiotemporal change in division pattern during ependymogenesis and how
stem cell division may support stem cell retention within pinwheels. I used PiggyBac in
utero electroporation (PB-IUE) lineage tracing to label stem cells and their progeny along
the ventricular surface. Immunohistochemistry of whole mount sections of the lateral
ventricle allowed me to visualize eGFP+ progeny of electroporated radial glial cells. In our
study, I showed that the two main cell types in the epithelial lining of lateral wall of lateral
ventricle, multi-ciliated ependymal cells and neural stem cells are generated from a single
progenitor radial glial cell (Redmond et al., 2019, Ortiz-A´lvarez et al., 2019, Stratton et
al., 2019). Scoring of asymmetric (1 stem cell and 1 ependymal cell) versus symmetric (2
ependymal cells) division of stem cells in postnatal development, allowed me to observe
the predominant mode of division prevailing among adult P14 mice brains. Our finding
revealed that, in adult mice, the majority of the neural stem cells gave rise to ependymal
cells through symmetric division rather than asymmetric division. Similar findings have
been proposed by Ortiz-A´lvarez et al., (2019) that adult neural stem cells are sister cells
to ependymal cells, whereas most ependymal cells arise from the terminal symmetric
divisions of the lineage and antagonist regulators of DNA replication, GemC1
overexpression favors the formation of pure ependymal clones through symmetric
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division whereas Geminin favors the formation of B1 (NSC) cell-containing clones at
E14.5.
In the case of neurogenesis, Obernier and colleagues have shown, by doing different
clonal lineage-tracing methods and ex vivo imaging, in the adult V-SVZ that symmetric
division is the primary mode of division. Similarly, our study of ependymogenesis reveals
higher average percentages of the symmetric divisions in rostral (26.12%), middle
(25.98%) and caudal (25.67%) regions, compared to average percentages of the
asymmetric division from the rostral (13.60%), middle (8.12%) and caudal (8.33%) region
of the lateral wall of lateral ventricle in the P14 brain.
On the other hand, during embryonic brain development the primary progenitor radial glia,
predominantly undergo asymmetric division to generate neurons directly or via
intermediate progenitors (Noctor et al., 2004). Similarly, during ependymogenesis, more
numbers of asymmetric division of radial glial cells have been observed at embryonic 14.5
day than later developmental time points which aligns with our suggested model for
embryonic/perinatal ependymogenesis (Fig. 5) (Redmond et al., 2019). Asymmetric cell
division is the predominant form of division by radial glia in embryonic development
(Kriegstein and Alvarez-Buylla, 2009), but it is a process that will not support the stem
cell pool over extended periods of time because of stem cell exhaustion (Hormoz, 2013;
Obernier et al., 2018; Shahriyari and Komarova,2013). Also, the presence of 3-4 cells
clone in our sparse labelling experiment, lead us to think about the possibility of multiple
successive divisions during ependymogenesis and pinwheel formation that can be
studied using a thymidine analog double-labelling birthdating technique in conjunction to
piggybac transposon based IUE (or write out!). Further study is needed to evaluate
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whether the prevalence of symmetric division over asymmetric division correlates well
with the reduction in total neural stem cell number that occurs with development. Also,
the choice of stem cell division strategy may change based on: 1) stage of development,
2) number of prior divisions a stem cell undergoes, and 3) pathology (e.g.,
hydrocephalus). My results can provide insight into normal stem cell development, which
can be examined in mouse models of hydrocephalus to understand how the V-SVZ niche
is altered by pathological ventricle enlargement to better understand the pathologic
outcome and possible treatment.

33

References:
Acabchuk, R. L., Sun, Y., Wolferz, R., Jr, Eastman, M. B., Lennington, J. B., Shook, B.
A., Wu, Q. and Conover, J. C. (2015). 3D modeling of the lateral ventricles and histological
characterization of periventricular tissue in humans and mouse. J. Vis. Exp. 99, e52328.
Alvarez-Buylla, Arturo, Jose Manuel Garcıa
́ -Verdugo, Adria S. Mateo, and Horacio
Merchant-Larios. "Primary neural precursors and intermitotic nuclear migration in the
ventricular zone of adult canaries." Journal of Neuroscience 18, no. 3 (1998): 1020-1037.

Banizs, Boglarka, Martin M. Pike, C. Leigh Millican, William B. Ferguson, Peter Komlosi,
James Sheetz, Phillip D. Bell, Erik M. Schwiebert, and Bradley K. Yoder. "Dysfunctional
cilia lead to altered ependyma and choroid plexus function, and result in the formation of
hydrocephalus." Development 132, no. 23 (2005): 5329-5339.

Barry, Denis, and Kieran McDermott. "Differentiation of radial glia from radial precursor
cells and transformation into astrocytes in the developing rat spinal cord." Glia 50, no. 3
(2005): 187-197.

Booz, Karl Heinz, and Bernd Wiesen. "Fluorescence microscopic study of the behaviour
of DANS-marked histidine in the rat brain after intraventricular injection." Anatomy and
embryology 149, no. 2 (1976): 225-239.

Bouillé, Christian, Marc Mesnil, Helene Barriere, and Jacqueline Gabrion. "Gap junctional
intercellular communication between cultured ependymal cells, revealed by lucifer yellow
CH transfer and freeze‐fracture." Glia 4, no. 1 (1991): 25-36.

Brightman, Milton W. "The distribution within the brain of ferritin injected into cerebrospinal
fluid compartments. II. Parenchymal distribution." American Journal of Anatomy 117, no.
2 (1965): 193-219.

34

Broadwell, Richard D., and Michael V. Sofroniew. "Serum proteins bypass the blood-brain
fluid barriers for extracellular entry to the central nervous system." Experimental
neurology 120, no. 2 (1993): 245-263.
Bruni, J. E. "Ependymal development, proliferation, and functions: a review." Microscopy
research and technique 41, no. 1 (1998): 2-13.

Bruni, J. Edward, M. R. Del Bigio, and R. E. Clattenburg. "Ependyma: normal and
pathological. A review of the literature." Brain Research Reviews 9, no. 1 (1985): 1-19.

Chen, Fuyi, and Joseph LoTurco. "A method for stable transgenesis of radial glia lineage
in rat neocortex by piggyBac mediated transposition." Journal of neuroscience methods
207, no. 2 (2012): 172-180.

Coletti, Amanda M., Deepinder Singh, Saurabh Kumar, Tasnuva Nuhat Shafin, Patrick J.
Briody, Benjamin F. Babbitt, Derek Pan et al. "Characterization of the ventricularsubventricular stem cell niche during human brain development." Development 145, no.
20 (2018): dev170100.

Conover, Joanne C., and Brett A. Shook. "Aging of the subventricular zone neural stem
cell niche." Aging and disease 2, no. 1 (2011): 49.

Conover, Joanne C., and Krysti L. Todd. "Neuronal stem cell niches of the brain." In
Biology and Engineering of Stem Cell Niches, pp. 75-91. Academic Press, 2017.

Conover, Joanne C., Fiona Doetsch, Jose-Manuel Garcia-Verdugo, Nicholas W. Gale,
George D. Yancopoulos, and Arturo Alvarez-Buylla. "Disruption of Eph/ephrin signaling
affects migration and proliferation in the adult subventricular zone." Nature neuroscience
3, no. 11 (2000): 1091-1097.

Del Bigio, Marc R. "The ependyma: a protective barrier between brain and cerebrospinal
fluid." Glia 14, no. 1 (1995): 1-13.
35

Doetsch, Fiona, Jose Manuel Garcıa-Verdugo, and Arturo Alvarez-Buylla. "Cellular
composition and three-dimensional organization of the subventricular germinal zone in
the adult mammalian brain." Journal of Neuroscience 17, no. 13 (1997): 5046-5061.

Gee, Patricia, C. Harker Rhodes, Lloyd D. Fricker, and Ruth Hogue Angeletti. "Expression
of neuropeptide processing enzymes and neurosecretory proteins in ependyma and
choroid plexus epithelium." Brain research 617, no. 2 (1993): 238-248.

Han YG, Spassky N, Romaguera--‐Ros M, Garcia Verdugo JM, Aguilar A, Schneider
Maunoury S, Alvarez Buylla A (2008) Hedgehog signaling and primary cilia are required
for the formation of adult neural stem cells. Nat Neurosci 11:277--‐28

Hatskelzon, L., B. I. Dalal, A. Shalev, C. Robertson, and J. M. Gerrard. "Wide distribution
of granulophysin epitopes in granules of human tissues." Laboratory investigation; a
journal of technical methods and pathology 68, no. 5 (1993): 509-519.

Hansen, David V., Jan H. Lui, Philip RL Parker, and Arnold R. Kriegstein. "Neurogenic
radial glia in the outer subventricular zone of human neocortex." Nature 464, no. 7288
(2010): 554-561.

Hormoz, Sahand. "Stem cell population asymmetry can reduce rate of replicative aging."
Journal of theoretical biology 331 (2013): 19-27.

Ibañez-Tallon, Inés, Axel Pagenstecher, Manfred Fliegauf, Heike Olbrich, Andreas
Kispert, Uwe-Peter Ketelsen, Alison North, Nathaniel Heintz, and Heymut Omran.
"Dysfunction of axonemal dynein heavy chain Mdnah5 inhibits ependymal flow and
reveals a novel mechanism for hydrocephalus formation." Human molecular genetics 13,
no. 18 (2004): 2133-2141.

Jacquet, B. V., Salinas-Mondragon, R., Liang, H., Therit, B., Buie, J. D., Dykstra, M.,
Campbell, K., Ostrowski, L. E., Brody, S. L. and Ghashghaei, H. T. (2009). FoxJ136

dependent gene expression is required for differentiation of radial glia into ependymal
cells and a subset of astrocytes in the postnatal brain. Development 136, 4021-4031.

Johanson C, Stopa E, McMilllan P, Roth D, Funk J, Krinke G. (2011) The distributional
nexus

of

choroid

plexus

to

cerebrospoinal

fluid,

ependyma

and

brain:

toxicologic/pathologic phenomena, periventricular destabilization, and lesion spread.
Toxicol Pathol. 39(1): 186-212.

Kim, Seon‐Young, So‐Young Choi, Wei Chao, and David J. Volsky. "Transcriptional
regulation of human excitatory amino acid transporter 1 (EAAT1): cloning of the EAAT1
promoter and characterization of its basal and inducible activity in human astrocytes."
Journal of neurochemistry 87, no. 6 (2003): 1485-1498.

Kriegstein, Arnold, and Arturo Alvarez-Buylla. "The glial nature of embryonic and adult
neural stem cells." Annual review of neuroscience 32 (2009): 149-184.

Kuchler, Sabine, Marie-Noelle Graff, Serge Gobaille, Guy Vincendon, Anne-Claude
Roche, Jean-Pierre Delaunoy, Michel Monsigny, and Jean-Pierre Zanetta. "Mannose
dependent tightening of the rat ependymal cell barrier. In vivo and in vitro study using
neoglycoproteins." Neurochemistry international 24, no. 1 (1994): 43-55.
Kuo, Chay T., Zaman Mirzadeh, Mario Soriano-Navarro, Mladen Rašin, Denan Wang, Jie
Shen, Nenad Šestan et al. "Postnatal deletion of Numb/Numblike reveals repair and
remodeling capacity in the subventricular neurogenic niche." Cell 127, no. 6 (2006): 12531264.

LaMonica, Bridget E., Jan H. Lui, Xiaoqun Wang, and Arnold R. Kriegstein. "OSVZ
progenitors in the human cortex: an updated perspective on neurodevelopmental
disease." Current opinion in neurobiology 22, no. 5 (2012): 747-753.

37

Lennington, Jessica B., Zhengang Yang, and Joanne C. Conover. "Neural stem cells and
the regulation of adult neurogenesis." Reproductive Biology and Endocrinology 1, no. 1
(2003): 99.

Lennington, Jessica B., Zhengang Yang, and Joanne C. Conover. "Neural stem cells and
the regulation of adult neurogenesis." Reproductive Biology and Endocrinology 1, no. 1
(2003): 99.

Liddelow, Shane A., Katarzyna M. Dziegielewska, C. Joakim Ek, Pia A. Johansson, Ann
M. Potter, and Norman R. Saunders. "Cellular transfer of macromolecules across the
developing choroid plexus of Monodelphis domestica."

European Journal of

Neuroscience 29, no. 2 (2009): 253-266.

Liddelow, Shane A., Katarzyna M. Dziegielewska, John L. VandeBerg, and Norman R.
Saunders. "Development of the lateral ventricular choroid plexus in a marsupial,
Monodelphis domestica." Cerebrospinal fluid research 7, no. 1 (2010): 16.

Lim DA, Tramontin AD, Trevejo JM, Herrera DG, Garcia Verdugo JM, Alvarez Buylla A
(2000) Noggin antagonizes BMP signaling to create a niche for adult neurogenesis.
Neuron 28:713--‐726.

Lippoldt, Andrea, Stefan Liebner, Beth Andbjer, Hubert Kalbacher, Hartwig Wolburg,
Hermann Haller, and Kjell Fuxe. "Organization of choroid plexus epithelial and endothelial
cell tight junctions and regulation of claudin-1,-2 and-5 expression by protein kinase C. ''
Neuroreport 11, no. 7 (2000): 1427-1431.

Lippoldt, Andrea, Uwe Kniesel, Stefan Liebner, Hubert Kalbacher, Torsten Kirsch,
Hartwig Wolburg, and Hermann Haller. "Structural alterations of tight junctions are
associated with loss of polarity in stroke-prone spontaneously hypertensive rat blood–
brain barrier endothelial cells." Brain research 885, no. 2 (2000): 251-261.

38

Louveau, Antoine, Benjamin A. Plog, Salli Antila, Kari Alitalo, Maiken Nedergaard, and
Jonathan Kipnis. "Understanding the functions and relationships of the glymphatic system
and meningeal lymphatics." The Journal of clinical investigation 127, no. 9 (2017): 32103219.

Lui, Jan H., David V. Hansen, and Arnold R. Kriegstein. "Development and evolution of
the human neocortex." Cell 146, no. 1 (2011): 18-36.

Malik, Sabrina, Govindaiah Vinukonda, Linnea R. Vose, Daniel Diamond, Bala BR
Bhimavarapu, Furong Hu, Muhammad T. Zia, Robert Hevner, Nada Zecevic, and
Praveen Ballabh. "Neurogenesis continues in the third trimester of pregnancy and is
suppressed by premature birth." Journal of neuroscience 33, no. 2 (2013): 411-423.

Merkle, Florian T., Anthony D. Tramontin, José Manuel García-Verdugo, and Arturo
Alvarez-Buylla. "Radial glia give rise to adult neural stem cells in the subventricular zone."
Proceedings of the National Academy of Sciences 101, no. 50 (2004): 17528-17532.

McDermott, Kieran W., Denis S. Barry, and Siobhan S. McMahon. "Role of radial glia in
cytogenesis, patterning and boundary formation in the developing spinal cord." Journal of
Anatomy 207, no. 3 (2005): 241-250.

McMahon, Siobhan S., and Kieran W. McDermott. "Morphology and differentiation of
radial glia in the developing rat spinal cord." Journal of Comparative Neurology 454, no.
3 (2002): 263-271.

Mirzadeh, Zaman, Fiona Doetsch, Kazunobu Sawamoto, Hynek Wichterle, and Arturo
Alvarez-Buylla. "The subventricular zone en-face: wholemount staining and ependymal
flow." JoVE (Journal of Visualized Experiments) 39 (2010): e1938.

39

Mirzadeh, Z., Merkle, F. T., Soriano-Navarro, M., Garcia-Verdugo, J. M. and AlvarezBuylla, A. (2008). Neural stem cells confer unique pinwheel architecture to the ventricular
surface in neurogenic regions of the adult brain. Cell Stem Cell 3, 265-278.

Mori K, Tsutsumi K, Kurihara M. (1990). Alteration of atrial natriuretic peptide receptors
in the choroid plexus of rats with induced or congenital hydrocephalus. Childs Nerv Syst.
6:190-193.

Morrison, Sean J., and Judith Kimble. "Asymmetric and symmetric stem-cell divisions in
development and cancer." nature 441, no. 7097 (2006): 1068-1074.

Morshead, Cindi M., and Derek van der Kooy. "Postmitotic death is the fate of
constitutively proliferating cells in the subependymal layer of the adult mouse brain."
Journal of Neuroscience 12, no. 1 (1992): 249-256.

Noctor, Stephen C., Verónica Martínez-Cerdeño, Lidija Ivic, and Arnold R. Kriegstein.
"Cortical neurons arise in symmetric and asymmetric division zones and migrate through
specific phases." Nature neuroscience 7, no. 2 (2004): 136-144.

Obernier, Kirsten, Arantxa Cebrian-Silla, Matthew Thomson, José Ignacio Parraguez, Rio
Anderson, Cristina Guinto, José Rodas Rodriguez, José-Manuel Garcia-Verdugo, and
Arturo Alvarez-Buylla. "Adult neurogenesis is sustained by symmetric self-renewal and
differentiation." Cell stem cell 22, no. 2 (2018): 221-234.

Ortiz-Alvarez, Gonzalo, Marie Daclin, Asm Shihavuddin, Pauline Lansade, Aurélien
Fortoul, Marion Faucourt, Solène Clavreul et al. "Adult neural stem cells and multiciliated
ependymal cells share a common lineage regulated by the geminin family members."
Neuron 102, no. 1 (2019): 159-172.

40

Paez-Gonzalez, P., Abdi, K., Luciano, D., Liu, Y., Soriano-Navarro, M., Rawlins, E.,
Bennett, V., Garcia-Verdugo, J. M. and Kuo, C. T. (2011). Ank3-dependent SVZ niche
assembly is required for the continued production of new neurons. Neuron 71, 61-75.

Ponti, Giovanna, Kirsten Obernier, and Arturo Alvarez-Buylla. "Lineage progression from
stem cells to new neurons in the adult brain ventricular-subventricular zone." (2013):
1649-1650.

Plog, Benjamin A., and Maiken Nedergaard. "The glymphatic system in central nervous
system health and disease: past, present, and future." Annual Review of Pathology:
Mechanisms of Disease 13 (2018): 379-394.

Redmond, Stephanie A., María Figueres-Oñate, Kirsten Obernier, Marcos Assis
Nascimento, Jose I. Parraguez, Laura López-Mascaraque, Luis C. Fuentealba, and
Arturo Alvarez-Buylla. "Development of ependymal and postnatal neural stem cells and
their origin from a common embryonic progenitor." Cell reports 27, no. 2 (2019): 429-441.

Riquelme, Patricio A., Elodie Drapeau, and Fiona Doetsch. "Brain micro-ecologies: neural
stem cell niches in the adult mammalian brain." Philosophical Transactions of the Royal
Society B: Biological Sciences 363, no. 1489 (2008): 123-137.

Rodríguez, Esteban M., Juan L. Blázquez, and Montserrat Guerra. "The design of barriers
in the hypothalamus allows the median eminence and the arcuate nucleus to enjoy private
milieus: the former opens to the portal blood and the latter to the cerebrospinal fluid."
Peptides 31, no. 4 (2010): 757-776.

Sakka L, Coll G, Chazal J. (2011) Anatomy and physiology of cerebrospinal fliud. Eur Ann
Otorhinolaryngol Head Neck Dis. 128(6):309-16.

Sarnat, Harvey B. "Ependymal reactions to injury. A review." Journal of Neuropathology
& Experimental Neurology 54, no. 1 (1995): 1-15.
41

Sawamoto, Kazunobu, Hynek Wichterle, Oscar Gonzalez-Perez, Jeremy A. Cholfin,
Masayuki Yamada, Nathalie Spassky, Noel S. Murcia et al. "New neurons follow the flow
of cerebrospinal fluid in the adult brain." Science 311, no. 5761 (2006): 629-632.

Scott, D. E., G. P. Kozlowski, and M. N. Sheridan. "Scanning electron microscopy in the
ultrastructural analysis of the mammalian cerebral ventricular system." Int Rev Cytol 37,
no. 0 (1974): 349-388.

Shahriyari, Leili, and Natalia L. Komarova. "Symmetric vs. asymmetric stem cell divisions:
an adaptation against cancer?" PloS one 8, no. 10 (2013).

Sival, Deborah A., Montserrat Guerra, Wilfred F. A. den Dunnen, Luis F. Bátiz, Genaro
Alvial, Agustín Castañeyra‐Perdomo, and Esteban M. Rodríguez. "Neuroependymal
denudation is in progress in full‐term human foetal spina bifida aperta." Brain Pathology
21, no. 2 (2011): 163-179.

Spassky, N., Merkle, F. T., Flames, N., Tramontin, A. D., Garcia-Verdugo, J. M. and
Alvarez-Buylla, A. (2005). Adult ependymal cells are postmitotic and are derived from
radial glial cells during embryogenesis. J. Neurosci. 25, 10-18.

Stratton, Jo Anne, Prajay Shah, Sarthak Sinha, Emilie Crowther, and Jeff Biernaskie. "A
tale of two cousins: Ependymal cells, quiescent neural stem cells and potential
mechanisms driving their functional divergence." The FEBS journal 286, no. 16 (2019):
3110-3116.

Veening JG, Barendregt HP. (2010) The regulation of brain states by neuroactive
substances distributed via the cerebrospinal fluid; a review. Cerebrospinal Fluid Res. 7:1.
Waters, Aoife M., and Philip L. Beales. "Ciliopathies: an expanding disease spectrum."
Pediatric nephrology 26, no. 7 (2011): 1039-1056.

42

Wu, Sen, Guoxin Ying, Qiang Wu, and Mario R. Capecchi. "Toward simpler and faster
genome-wide mutagenesis in mice." Nature genetics 39, no. 7 (2007): 922-930.

Yoshioka, T., and O. Tanaka. "Ultrastructural and cytochemical characterisation of the
floor plate ependyma of the developing rat spinal cord." Journal of anatomy 165 (1989):
87.

43

